Abstract RasGRP proteins are activators of Ras and other related small GTPases by the virtue of functioning as guanine nucleotide exchange factors (GEFs). In vertebrates, four RasGRP family members have been described. RasGRP-1 through -4 share many structural domains but there are also subtle differences between each of the different family members. Whereas SOS RasGEFs are ubiquitously expressed, RasGRP proteins are expressed in distinct patterns, such as in different cells of the hematopoietic system and in the brain. Most studies have concentrated on the role of RasGRP proteins in the development and function of immune cell types because of the predominant RasGRP expression profiles in these cells and the immune phenotypes of mice deficient for Rasgrp genes. However, more recent studies demonstrate that RasGRPs also play an important role in tumorigenesis. Examples are skin-and hematologicalcancers but also solid malignancies such as melanoma or prostate cancer. These novel studies bring up many new and unanswered questions related to the molecular mechanism of RasGRP-driven oncogenesis, such as new receptor systems that RasGRP appears to respond to as well as regulatory mechanisms for RasGRP expression that appear to be perturbed in these cancers. Here we will review some of the known aspects of RasGRP biology in lymphocytes and will discuss the exciting new notion that RasGRP Ras exchange factors play a role in oncogenesis downstream of various growth factor receptors.
Preface
Guanine nucleotide exchange factors (GEFs) such as RasGRPs (Ras guanine nucleotide releasing proteins) specifically control the exchange of GDP for GTP on the small GTPase Ras. Activated Ras is a signaling branch point and is involved in many cellular responses to receptor signal input, such as proliferation, differentiation and apoptosis (Chang and Karin, 2001; Starr et al., 2003) . In addition to the RasGRP family with four members, there are four more RasGEFs in two additional families, namely SOS-1 and SOS2 (Son of sevenless) and RasGRF-1 and RasGRF-2 (Ras Guanine Nucleotide Releasing Factor). For specifics on SOS and RasGRF we point you other reviews (Mor and Philips, 2006; Vigil et al., 2010; Stone, 2011; Jun et al., 2013; Kortum et al., 2013) here we will focus solely on RasGRPs.
Cloning of RasGRP1 by Jim Stone and colleagues in 1998 (Ebinu et al., 1998) provided a long-sought explanation for how exposure of cells to agents such as phorbol esters (TPA or PMA, diacylglycerol analogs) could lead to cellular Ras activation. We now know that RasGRP1 contains a stereotypical REM-Cdc25 catalytic unit and a diacylglycerol (DAG) binding domain. Subsequent studies on RasGRP1 and other RasGRPs, particularly the characterization of Rasgrp1 deficient mouse model with its severely impaired T cell development (Dower et al., 2000) , created the false impression that RasGRPs are RasGEFs selective to the hematopoietic system. However, RasGRP1 was cloned in a classical fibroblast transformation assay (Ebinu et al., 1998) , suggesting very early on that RasGRPs may also play a role in cancer. It is satisfying to see that recent studies on RasGRPs and cancer have revisited this concept and have started to characterize the mechanisms of oncogenic RasGRP signaling.
GTP-associated active state to exert its pleiotropic cell biological effects (Chang and Karin, 2001) . GTP hydrolysis aided by RasGAPs (Ras GTPase activating proteins) ensures deactivation to RasGDP, the GDP-bound inactive state of Ras. Nucleotides are very tightly bound to Ras (Vetter and Wittinghofer, 2001; Rajalingam et al., 2007; Ahearn et al., 2012) and RasGRPs need to loosen the grip of Ras on bound GDP, resulting in release of nucleotide-free Ras that can associates with GTP (Bos et al., 2007) .
RasGRP1, RasGRP2, RasGRP3, and RasGRP4 are multi domain proteins that all contain the REM (Ras exchange motif) -Cdc25 unit (Fig. 1) . The Cdc25 domain contains a helical hairpin that removes GDP form Ras when Ras binds the catalytic pocket of RasGEFs. RasGRP1, RasGRP3, and RasGRP4 can all activate Ras and although RasGRP2 also contains the REM-Cdc25 core and early studies indicated RasGEF activity (Clyde-Smith et al., 2000) , it is now generally agreed on that RasGRP2 functions as a GEF for the small GTPase Rap (Kawasaki et al., 1998) .
Most mechanistic work has been performed on RasGRP1, which we will use as a framework for the other RasGRPs to discuss the protein domain structures. In addition to the catalytic REM-Cdc25 core, we have a fairly extensive understanding of RasGRP1's C1 domain and the role of DAG in RasGRP1 and RasGRP3 regulation. RasGRP1's C1 domain has been shown to bind DAG and its synthetic analogs such as PMA or PdbU with high affinity, similar to classical C1 domain found in PKCα (Ebinu et al., 1998; Lorenzo et al., 2000) . Binding of C1 domain to DAG anchors RasGRP1 at plasma membrane where its substrate, RasGDP is present (Ebinu et al., 1998; Ebinu et al., 2000) . A similar mode of action has been described for RasGRP3 and RasGRP4 (Lorenzo et al., 2001; Reuther et al., 2002; Yang et al., 2002; Teixeira et al., 2003) . Intriguingly, RasGRP2's C1 domain does not bind to DAG so RasGRP2 is probably targeted to the plasma membrane by a different mechanism (Lorenzo et al., 2001; Reuther et al., 2002; Yang et al., 2002; Johnson et al., 2007) . Of note, it is still a debate as to where, under physiological conditions, RasGRP1-mediated activation of Ras takes place. The most probable site is at the plasma membrane where signals from the T cell receptor (TCR) and B cell receptor (BCR) are initially transmitted, however some studies suggested that it could also occur at endomembranes such as Golgi apparatus (Bivona et al., 2003; Daniels et al., 2006) . For a discussion on this debate as well as some of the technical details and challenges with the FRETbased Ras reporter assays, we refer you to a different review (Jun et al., 2013) .
RasGRP1 and RasGRP3 activity is also regulated by phosphorylation, triggered in an indirect way by DAG. Threonine 184 (T184) becomes phosphorylated after TCR engagement or after stimulation with the DAG analog PMA, whereas RasGRP3 is phosphorylated on the analogous site, T133, in BCR-stimulated B cells (Aiba et al., 2004; Roose et al., 2005; Zheng et al., 2005) (Fig. 1 ). These studies also demonstrated that such phosphorylation very likely occurs through PKC kinases, which themselves can get recruited to the membrane by DAG (Aiba et al., 2004; Roose et al., 2005; Zheng et al., 2005) . It is unknown how, at the molecular level, phosphorylation of RasGRP1 and RasGRP3 regulates their exchange activity. Phosphorylation appears to have an enhancing effect but is not absolutely required and alanine Figure 1 Domain structure of RasGRP proteins. REM (Ras exchange motif) and Cdc25 domain form the catalytic core and catalyze GDP to GTP exchange on Ras and Rap GTPases. Two EF hands bind calcium ions and may be important for proper localization and/or GEF regulation. C1 domain of all family members but RasGRP2 binds diacylglycerol and that is crucial for anchoring at the plasma membrane. Finally, RasGRP1 uniquely possess C-terminal tail whose function is unknown but is likely to mediate protein-protein interactions. Conserved phosphorylation sites thought to be important for RasGRPs activation are indicated. All illustrations in this review were made by Anna Hupalowska. mutants of T184 or T133 in RasGRP1 or RasGRP3 demonstrate impaired, but not absent, stimulus-dependent Ras activation (Aiba et al., 2004; Zheng et al., 2005) . Mass spec analysis has revealed several phosphorylation sites in RasGRP2 in stimulated CD8-positive cytotoxic T cells (Navarro et al., 2011) . It is of interest to note that one of these, the serine 117, is at a similar position in RasGRP2 as T184 in RasGRP1 and T133 in RasGRP3 (Fig. 1) . It is conceivable that the negative charge of the phosphate group aids the catalytic activity of RasGRP1, RasGRP2, and RasGRP3 in an analogous manner.
Sandwiched in between the REM-Cdc25 unit and the C1 domains exist a pair of EF hands in all RasGRPs. EF hands are motifs that typically come in pairs or concatamers and often bind calcium ions (Grabarek, 2006; Gifford et al., 2007) . Binding of calcium induces conformational change by altering the directional vectors of the two α-helices in each EF hand, which enables regulation of the protein function, such as for calmodulin (Grabarek, 2006; Gifford et al., 2007) . However, not all EF hands bind calcium and whereas sequence homologies predict that RasGRP1 has two EF hands, it was recognized early on that this RasGEF binds only one calcium ion in vitro (Ebinu et al., 1998) . Sequence alignment of the EF hands of the four RasGRPs also reveals significant divergence (not shown), arguing that there may be differences in the role of calcium for each of these four family members. For instance, EF hands often contain aspartic acids at strategic positions that help bind and orient the calcium ion. RasGRP4 shows rather weak homology in this area and contains proline residues at some of the positions where aspartic acids are expected (Reuther et al., 2002) . How binding of calcium ion(s) impact RasGRP function is an active debate that we will discuss next.
Early calcium chelation studies described that calcium was either critical for RasGRP1-driven Ras activation (Bivona et al., 2003) , only modestly important (Izquierdo et al., 1992) , or was entirely dispensable Tazmini et al., 2009) . A difficult parameter to assess is the completeness of calcium chelation. Robert Kay and colleagues were the first to more definitively identify a link between calcium and RasGRP1. They showed that RasGRP1's first EF hand (EF1) is important for membrane localization after receptor stimulation since truncation or point mutation of this motif resulted in decreased protein targeting to the plasma membrane after BCR triggering in chicken DT40 cell lines (Tazmini et al., 2009 ). The action of EF1 was subsequently linked to the C-terminal tail of RasGRP1 in that it enabled a plasma membrane recruitment function of this tail Zahedi et al., 2011) . It should be noted that these studies relied on overexpression of GFP-tagged molecules in cell line models that also express endogenous RasGRP1 and RasGRP3. In addition, the described membrane recruitment enhancing function of this tail appeared only robust in B cells, but was modest in T cells and negligible in fibroblasts . Future research will be required to identify the exact mechanism of calcium linking to RasGRP's EF hands but the Kay group paved the way.
What domains are in RasGRP1's C-terminal tail and is there conservation among the other RasGRPs? The in vivo importance of this domain was recently demonstrated in knock-in mice which express RasGRP1 lacking this part of the protein and which have perturbed T cell development . The roughly 200-amino acid long Cterminal tail has no obvious domains except for one; a predicted leucine zipper motif (Ebinu et al., 1998; Zahedi et al., 2011) . Interestingly, this structural feature is unique to RasGRP1 and absent in other family members (Fig. 1) . Its function is unknown but it is likely to participate in protein-protein interactions. It has also been suggested that, through electrostatic interactions, it could mediate plasma membrane targeting of RasGRP1 after B cell receptor (BCR) stimulation Zahedi et al., 2011) .
RasGRP proteins are expressed in specific patterns
RasGRPs are not ubiquitously expressed but display restricted and overlapping expression patterns, for instance in the brain and in cells of the immune system. For example, RasGRP1 is expressed in cerebellum, cerebral cortex and amygdala whereas RasGRP2 is expressed in striatum (Kawasaki et al., 1998) . It should be noted that the expression studies thus far are by no means complete and recent cancer studies have revealed unexpected RasGRP's expression in specific tumors. However, some of the expression patterns help explain understanding the phenotypes of the various Rasgrp deficient mouse models. Therefore, we provide a short summary here.
In immune cells, different family members show distinct albeit sometimes overlapping distribution. RasGRP1 is highly expressed in mature and developing T cells and to a lesser extent in B-, NK-and mast-cells (Ebinu et al., 1998; Dower et al., 2000; EbiLee et al., 2009) . Within the hematopoietic system, RasGRP2's expression is restricted to platelets and their precursors, megakaryocytes as well as neutrophils (Crittenden et al., 2004; Cifuni et al., 2008; Carbo et al., 2010) . RasGRP3 is highly expressed in B cells (Yamashita et al., 2000; Teixeira et al., 2003) but is also expressed in T cells, macrophages and endothelial cells (Yamashita et al., 2000; Teixeira et al., 2003; Roberts et al., 2004; Botelho et al., 2009) . Finally, RasGRP4 is the only family member, which is does not appear to be expressed in the brain (Reuther et al., 2002) . It is relatively mast cell specific, although RasGRP4 is also expressed in thymocytes as well neutrohils (Yang et al., 2002; Suire et al., 2012; .
RasGRP1 and T cell receptor stimulation
Both RasGRP1 and RasGRP3 have been shown to couple to antigen receptors, such as T cell and B-cell receptors (TCR/ BCR) in a manner that is non-redundant with SOS (Dower et al., 2000; Aiba et al., 2004; Brodie et al., 2004; Roose et al., 2005; Roose et al., 2007; . In the next two paragraphs we will discuss the mechanisms involved in the activation of RasGRP1/3 downstream of those receptors as well as functional outcomes of engaging TCR/BCR-RasGRP1/3 signals toward the canonical RasGTP-RAF-MEK-ERK kinase pathway for T and B cell biology.
The successful activation of T cells, through their TCR, is a crucial event during immunological response. The TCR recognizes specific peptide antigen presented on MHC molecules (pMHC) by antigen-presenting cells (APCs) such as dendritic cells and others. However, unlike tyrosine kinase receptors, the TCR does not contain an intrinsic kinase domain. The CD3 molecules, which associate with the TCR, contain immunoreceptor tyrosine-based activation motifs (ITAMs) within their C-terminal cytoplasmic domains and are signaling units by virtue of providing docking sites for SH2-containing kinases. Src family kinases, such as Lck, phosphorylate ITAMs, which then serve as docking site for the tyrosine kinase, ZAP70. This step leads to the activation of ZAP70 and subsequent phosphorylation of target proteins, such as the adaptor proteins LAT (linker for activation of T cells) and SLP76 (SH2 domain containing leukocyte protein of 76kDa). LAT contains nine tyrosines, which are phosphorylated upon TCR stimulation and which recruit phospholipase Cγ1 (PLCγ1) along with other molecules (Fig. 2A) . Activated PLCγ1 hydrolyzes phosphatidylinositol-(4,5)-bisphosphate (in short PI(4,5)P2 or PIP2) present in the plasma membrane to IP3 (inositol-1,4,5-trisphosphate) and DAG (diacylglycerol), two second messengers crucial in initiating signal transduction (reviewed in (Feske, 2007; Smith-Garvin et al., 2009) ). The accumulation of PLCγ1-produced DAG leads to the membrane recruitment of RasGRP1 where it can reach its substrate, Ras . As discussed in the previous chapter, the inducible plasma membrane localization of RasGRP1 leads also to its phosphorylation by PKCθ (Roose et al., 2005) . Once activated, RasGTP initiates a canonical signaling cascade involving RAF-1 and other serine-threonine kinases. This ultimately results in the activation of ERK1/2 and transcription of genes involved in cell proliferation and other cellular processes ( Fig. 2A) . T cells also express the SOS RasGEF family members. It has been demonstrated, through biochemical and genetic studies that, downstream of the TCR, RasGRP is dominant over SOS (Dower et al., 2000; Roose et al., 2007) . For readers interested in more details on the interplay between the RasGRP and SOS RasGEFs we refer to two recent reviews on that subject (Jun et al., 2013; Kortum et al., 2013) .
RasGRP3 and B cell receptor signaling
As mentioned above, RasGRP1 and 3 can couple to the B cell antigen receptor (BCR) as well as the TCR (Fig. 2B) . Analogies between TCR and BCR signaling are inevitable. Both receptors lead to production of DAG and IP3 downstream of PLCγ proteins (PLCγ2 in B cells) and activation of the RasGRP/Ras/ERK pathway. However, most of the signaling intermediates downstream of these receptors are distinct to each cell type and there are important distinctions that need to be recognized. First, while the TCR recognizes peptide/MHC complexes, the BCR recognizes native antigen. This has enormous implications in the development and function of these cell types, which we discuss in the sections below. Like the TCR, the BCR has no intrinsic kinase activity and instead associates with other molecules that recruit kinases. In the case of the BCR, the Iga and Igb molecules (CD79a and CD79b) provide this function, as they contain ITAMs that become phosphorylated by Src family kinases and initiate signaling. The tyrosine kinase Syk then docks onto these phosphorylated ITAMs and Syk itself is phosphorylated and activated. Syk is essential to couple antigen recognition via the BCR to downstream signaling pathways, and much of this is accomplished by the phosphorylation of the BLNK/SLP-65 adaptor protein. Like LAT and SLP-76 in T cells, BLNK nucleates a large signaling complex by recruiting and facilitating the activation of several proteins including PLCγ2 (reviewed in (Kurosaki, 1999; DeFranco, 2000; Dal Porto et al., 2004) ) (Fig. 2B) .
Because of the parallels with TCR signaling, the discovery of RasGRP1 as an essential activator of Ras in T cells prompted the investigation of the role of RasGRP proteins in signaling downstream of the BCR. Initial studies found that RasGRP3 was more abundant in B cells than RasGRP1 and studies using chicken DT40 B cells lacking RasGRP3, RasGRP1 and 3, or SOS1 and 2 initially suggested that RasGRPs, but not SOS proteins, are essential for activation of Ras/ERK signaling downstream of the BCR (Oh-hora et al., 2003; Teixeira et al., 2003) . It was subsequently shown that RasGRPs are more dominant in this pathway but that SOS proteins increase the amplitude of the responses (Roose et al., 2007) . Conversely, SOS proteins appear more potent than RasGRP proteins in the activation of Ras/ERK downstream of the EGF receptor, implying that different receptor systems utilize unique mechanisms for activation of these RasGEFs in B cells. Additional studies showed that, analogous to the phosphorylation of T184 in RasGRP1 downstream of the TCR, T133 in RasGRP3 is phosphorylated downstream of BCR stimulation, and phosphorylation of this residue is important for robust Ras/ERK signaling in B cell lines (Aiba et al., 2004; Zheng et al., 2005) . Physiologically, although RasGRP1-and RasGRP3-deficient mice revealed more subtle phenotypes in B cells than was observed for T cell development, it is becoming increasingly clear that these proteins play important roles in B cell development. The role Recognition of the cognate peptide by TCR results in the activation of tyrosine kinase ZAP70, which phosphorylates multiple downstream targets. One of them, the adaptor protein LAT participates in the assembly of a signaling complex containing PLCγ1. PLCγ1 hydrolyses PIP2 present in the plasma membrane into IP and DAG. IP is essential for the release of calcium from internal stores, whereas DAG activates RasGRP1, a GEF for Ras GTPase and initiates MAPK cascade. Note that the composition of the TCR chains and the proximal TCR signaling event are simplified here for clarity. (B) Overview of BCR-induced RasGRP3-Ras-MAPK cascade. Antigen engagement on the BCR leads to activation of the tyrosine kinase Syk. Activated Syk phosphorylates multiple downstream targets, including the adaptor BLNK/SLP-65, which nucleates a signaling complex containing PLCγ2. This leads to hydrolysis of PIP2 into IP3 and DAG. IP3 binds the IP3 receptor on the ER, leading to release of intracellular calcium stores and store-operated calcium entry, while DAG recruits RasGRP1 and RasGRP3 to the plasma membrane and initiates MAPK signaling.
of RasGRP proteins in coupling BCR engagement with functional responses to antigen will be discussed in a later section.
RasGRP1 is uniquely critical for proper T lymphocyte development
The physiological relevance of RasGRP1 downstream of the T cell receptor was first demonstrated with the generation of Rasgrp1 deficient mice, which showed a severe block in T cell development. Before we describe details on how RasGRP1 affects different aspects of T cell development we will quickly review major steps, which lead to the generation of mature and functional T cell repertoire able to mount appropriate immune response.
T cells complete their maturation program in the thymus (Fig. 3) . During development from thymocytes to mature T lymphocytes, cells acquire specific T cells markers including TCR, CD3, CD4 or CD8. Specific stages in T cell development are characterized by changes in the expression of these cell-surface markers. Upon arrival in the thymus the progenitors do not express either CD4 or CD8 and are termed double negative (DN). Subsequently, cells that successfully rearranged their TCRβ gene receive survival, proliferative and differentiation signals. This process is called β-selection and the signals mainly come from the immature form of the TCR (preTCR) but also from other receptor input, such as IL7 (interleukin 7), Notch1, and CXCR4. Once cells pass this checkpoint, they start to express both CD4 and CD8 coreceptors to become double positive (DP) cells.
At the double positive stage thymocytes rearrange TCRα gene, which subsequently will pair with the TCRβ chain to form a mature form of the T cell receptor. At this point, specificity and binding strength of the newly assembled TCRαβ complex with peptide-MHC is functionally checked Figure 3 Overview of T cell development and the role of RasGRPs. The expression of CD4 and CD8 marks different stages of T cell development. Early progenitors do not express CD4 or CD8 and are termed double negative (DN). Depending on the expression of other markers those cells are further subdivided into 4 different subsets (DN1-4). DN3 thymocytes express an immature form of the TCR, pre-TCR. Signals from this receptor results in survival, burst of proliferation and differentiation into double positive cells, which express both CD4 and CD8. This process is called β-selection process. Subsequently, signaling from the TCR leads to positive and negative selection, a process depending on avidity of binding to self-peptide-MHC complexes presented by stromal cells in the thymus. Cells differentiate into single positive CD4 or CD8 thymocytes. These cells leave the thymus and migrate to secondary lymphoid organs. RasGRP1 is important for both signaling downstream of pre-TCR as well as for the negative and positive selection. RasGRP4 and 3 also contribute to signaling downstream of preTCR. Note that distinct stages of T cell development are taking places in different anatomical parts of thymus. Also, dynamic patterns of RasGRP1 expression are highlighted-RasGRP1's expression is low in early subsets (DN cells), increases significantly in DP cells and peaks in SP thymocytes to drop again in peripheral T cells. in a processed called thymocyte selection. Thymocytes with intermediate avidity for self-peptide MHC receive survival and differentiation signals and are positively selected (Starr et al., 2003) . Given the random nature of TCR rearrangements, most cells will fail to express a TCR on the surface and the lack of an interaction with pMHC will result in death by neglect (reviewed in (Klein et al., 2009) ). Surviving thymocytes differentiate to either CD4+ CD8 -or CD4 -CD8 + single positive cells (SP). Subsequently, in a process called negative selection, cells with high affinity TCR are eliminated, preventing generation of autoreactive T cells. Finally, fully mature T cells leave the thymus to seed secondary lymphoid organs such as lymph nodes or spleen (reviewed in (Klein et al., 2009) ).
As discussed in the previous paragraph, RasGRP1 couples to the T cell receptor to activate Ras. Given that and the involvement of Ras pathway in T cell development (reviewed in (Alberola-Ila et al., 1996) ), it came as no surprise that loss of RasGRP1 has profound effects on T cell development (Fig. 3) . The initial study showed that loss of RasGRP1 leads to a decreased thymus size and a severe block in T cell development between DP to SP stage so that there are only very few mature T cells in the periphery (Dower et al., 2000) . The severe block in thymocytes maturation in Rasgrp1 deficient mice is accompanied by defects in Ras activation as well as impaired ERK phosphorylation (phospho-ERK; pERK) responses after PMA or TCR triggering. As compared to the wild-type controls, Rasgrp1 knockout thymocytes fail to proliferate in response to TCR stimulation (Dower et al., 2000) . Subsequently, it has been shown that RasGRP1 has a non-redundant role in positive selection and neither other family members like RasGRP4/3 or other RasGEFs like SOS can efficiently compensate for the loss of RasGRP1 (Priatel et al., 2002; Starr et al., 2003; Kortum et al., 2012; Zhu et al., 2012; Golec et al., 2013) . Whether the uniqueness of RasGRP1 for positive selection of thymocytes is a reflection of a distinct biochemical feature or a reflection of the relatively high RasGRP1 expression levels at this T cell developmental stage (discussed later) are still open-ended questions.
At first, RasGRP1 appeared dispensable at earlier stages of T cell development. However, a series of recent studies demonstrated that Rasgrp1 deficient thymocytes have a mild defect in β-selection. This defect is even more pronounced in mice that also lack RasGRP4 or SOS1 (Kortum et al., 2012; Zhu et al., 2012) . These data indicate that RasGRP1 may also transduce signals downstream of pre-TCR receptor. Alternatively, RasGRP1 could operate downstream of the earliermentioned IL7R-, Notch1-, and CXCR4-systems and contribute to cellular outcomes at this first selection checkpoint during T cells development downstream of any of these receptors. Which exact cellular outcomes at β-selection are RasGRP1-dependent remain to be determined. It appears that deficiency of Rasgrp1 does not affect proliferation at this stage since a-CD3 induced proliferation was intact (Kortum et al., 2011) . It would be of interest to know if other cellular outcomes such as survival are RasGRP1/4 dependent. In addition, given that thymocytes also receive signals from CXCR4 at this checkpoint and that SDF-1 induced proliferation depends on Ras-PI3K (p110γ) interaction (Janas and Turner, 2011) , it would be informative to investigate if chemokine-induced proliferation at early thymocytes stages depends on RasGRP1/4 and/or Sos1. Finally, although initial reports indicated that RasGRP1 is not important for negative selection, recent research demonstrated that RasGRP1 together with Sos1 are both important for this process (Priatel et al., 2002; Kortum et al., 2012) and both of those GEFs are essential to transduce signals from TCR to induce apoptosis in order to eliminate self-autoreactive T cells.
It has been appreciated early on that RasGRP1 levels are dynamically and tightly regulated during T cell development (Fig. 3 ). Its expression is low in early subsets (DN cells), increases significantly in DP cells and peaks in SP thymocytes to drop again in peripheral T cells (Priatel et al., 2002; Kortum et al., 2012) . Deregulation of normal expression pattern, either too little or too much of the protein, may tip the balance and result in disrupted T cell development. As has been described above, loss of RasGRP1 expression affects different aspects of T cell development. On the other hand, increased levels of RasGRP1 during thymocytes maturation can lead to development of T cell leukemia (Klinger et al., 2005; Berquam-Vrieze et al., 2011; Oki et al., 2011; Hartzell et al., 2013) . We will discuss oncogenic properties of elevated RasGRP1 in the context of T cell leukemogenesis in later sections of the review.
RasGRP1 and RasGRP3 in B lymphocyte development
Developing B lymphocytes undergo a series of maturation steps analogous to the ones T cells go through in the thymusnamely the rearrangement of immunoglobulin genes that generate much of the diversity of the antibody repertoire and subsequent selection steps to eliminate potentially pathogenic self-reactive cells. However, unlike T cells, which complete their development in a specialized organ (the thymus), initial B cell development occurs in the bone marrow and is completed in the spleen. These latter stages of development thus occur in the same microenvironment where immune responses are initiated, something that has been likened to B cells "growing up on the streets." (Townsend et al., 1999) Committed lymphoid progenitors in the bone marrow transition through a variety of developmental steps accompanied by changes in cell surface molecules (reviewed in (Benschop and Cambier, 1999) ). During the transition of early pro-B cells to the pre-B cell stage these progenitors rearrange their heavy chain locus, and the resulting heavy chains pair up with the surrogate light chains and the ITAMcontaining Iga and Igb chains to form the pre-B cell receptor.
Productive signaling through this receptor and the IL-7 receptor are requisite for survival and transitioning to the late pre-B cell stage. Late pre-B cells rearrange their light chain locus, and the resulting light chain can pair with the heavy chain to form the B cell receptor. The expression of this receptor on the cell surface as membrane-bound IgM defines immature B cells in the bone marrow, and tonic signaling through this receptor is essential for survival of B cells throughout development and in mature stages (Torres et al., 1996; Lam et al., 1997) . It also presents the B cell with the first opportunity to sample antigens in its environment, and it is at this stage that B cells begin a series of antigen-dependent selection checkpoints that shape a healthy B cell repertoire (Fig. 4) .
Immature B cells in the bone marrow that recognize antigen with strong affinity can re-express RAG enzymes and rearrange the second light chain allele, thus editing the B cell receptor in an attempt to rescue the cells from antigen induced apoptosis (Hertz and Nemazee, 1997) . However, as the cells progress through development into a transitional stage where they begin to express IgD as well as high levels of IgM, they lose their ability to receptor edit and instead become highly sensitive to antigen-induced apoptosis (Melamed et al., 1998) . Therefore, cells that receive a strong antigenic signal at this stage are deleted from the repertoire (Fig. 4) . Transitional B cells exit the bone marrow, enter the circulation and migrate to the spleen, where they enter the periarteriolar lymphoid sheath (PALS) as transitional 1 (T1) cells. T1 cells remain highly susceptible to antigen-induced apoptosis and undergo an additional selection checkpoint as they migrate into the lymphoid follicles and mature into T2 cells, thus deleting additional autoreactive clones (reviewed in (Chung et al., 2003; Su et al., 2004) ). During this maturation stage the signaling properties of the cells change significantly and the cells become substantially more tolerant to antigenic stimulation (Su et al., 2004) . In fact, there is substantial evidence arguing that T2 cells require some level of antigen recognition for positive selection and differentia- Figure 4 Overview of B cell development and RasGRP expression. Early B cell progenitors in the bone marrow undergo genetic rearrangement of their immunoglobulin genes, leading to expression of a unique B cell receptor on the surface each B cell. The B cell receptor mediates a series of self antigen-driven checkpoints that progressively eliminate autoreactive clones from the B cell repertoire. As immature B cells progress to a transitional stage, they exit the bone marrow, enter the circulation and migrate to the spleen where their selection and differentiation continues. Splenic B cells differentiate into follicular or marginal zone cells, and mature follicular B cells can recirculate throughout the body and populate the bone marrow and lymph nodes. tion into either mature follicular B cells, which mediate T celldependent B cell responses, or marginal zone B cells, which participate in T-independent responses (reviewed in (Pillai, 1999; Pillai et al., 2004; Pillai and Cariappa, 2009) ). Importantly, there is a significant portion of mature B cells that exhibit autoreactivity despite early developmental checkpoints, and the level of autoreactivity influences their development toward a B1, follicular or marginal zone B cell. High levels of antigen exposure of autoreactive follicular B cells leads to a state of unresponsiveness known as anergy, an additional mechanism that prevents autoimmune pathology (Goodnow et al., 1989; Cambier et al., 2007; Zikherman et al., 2012) (Fig. 4) .
Several studies demonstrate that Ras/ERK signaling is important at various stages in B cell development, both downstream of the pre-B cell receptor and the BCR Yasuda et al., 2011) . Given that RasGRP proteins are required to activate this pathway in several B cell lines, it was somewhat surprising that the B cell phenotype of RasGRP-deficient mice was considerably less dramatic than the T cell phenotype, where there is a complete block in development at the DP-SP transition in the thymus (Dower et al., 2000; Coughlin et al., 2005) . RasGRP1-deficient B cells develop into the periphery in relatively normal numbers, but the mice develop splenomegaly with age and this is partly due to aberrant B cell expansion. However, it remains unclear if this phenotype is B cell intrinsic or if it is secondary to the T cell lymphopenia. Nevertheless, it is interesting that the splenomegaly resolves in mice deficient in both RasGRP1 and RasGRP3, implying that RasGRP3 is required for the expansion of RasGRP1-deficient B cells . Indeed, RasGRP3 is required for splenic B cell proliferation in response to stimulation with IgM, IgM plus IL-4, anti-CD40 or IgM plus anti-CD40, suggesting that RasGRP3 is important in antigen responses in mature B cells . Notably, although these initial studies did not report any obvious defects in peripheral B cell development, they did not address questions related to B cell repertoire selection or B cell development in the bone marrow, and recent studies suggest that RasGRP proteins likely play critical roles in establishing a healthy B cell repertoire.
Activation of Ras/ERK signaling correlates with the induction of apoptosis in immature B cell lines (Lee and Koretzky, 1998) , and early studies on the role of RasGRP1 in B cells showed that RasGRP1 overexpression was sufficient to sensitize an immature B cell line to antigen-induced apoptosis (Guilbault and Kay, 2004) . More recently, it has become apparent that Ras/ERK signaling mediated by RasGRP proteins sensitizes developing immature and transitional B cells to apoptosis and mediates negative selection checkpoints (Stang et al., 2009; . In addition, these studies revealed that expression of RasGRP1 and RasGRP3 are differently regulated during B cell development. RasGRP1 and RasGRP3 are not expressed at noticeable levels in early stages of B cell development where VDJ recombination occurs, suggesting that other RasGEFs, such as SOS proteins, may be important in mediating Ras activation downstream of the pre-B cell receptor. However, both RasGRP1 and RasGRP3 expression are upregulated in immature and transitional B cells in the bone marrow concomitant with the expression of surface IgM (Fig. 4) . RasGRP1 expression peaks at these transitional stages in development and is then decreases in mature B cells, while RasGRP3 is expressed at lower levels in immature B cells and is vastly upregulated in mature B cells. This pattern of RasGRP protein expression suggests that RasGRP1 may be primarily involved in antigen-dependent selection checkpoints in immature and transitional B cells, whereas RasGRP3 may be more important for mature B cell responses (Fig. 4) . The unique or potentially redundant role of these proteins in B cell development, function and autoimmunity remains incompletely understood and warrants further investigation.
RasGRP2 and RasGRP4 in non-oncogenic settings
As discussed earlier, RasGRP2 can directly activate Ras related GTPases of Rap subfamily. These molecules function downstream of many receptors and one of the cellular consequences of increased RapGTP is the activation of integrins, which are mediators of adhesion in many immune cells (Yamashita et al., 2000) .
The generation of RasGRP2 knockout mice allowed for the dissection of its role in the immune cells (Crittenden et al., 2004) . This first report showed that RasGRP2 deficient animals had bleeding problems as assessed in a tail-bleed assay. That defect was not due to decreased total numbers of platelets as those were either normal or even slightly elevated. Careful analysis of platelets function showed that bleeding diathesis displayed by those animals was due to defects in platelets aggregation and degranulation, a process, which normally depends on the activation of integrins downstream of many receptors in a process called inside-out signaling. Measurements of activated β3 integrin confirmed that this process is severely impaired in RasGRP2 knockout mice (Crittenden et al., 2004) . In addition, it appears that RasGRP2 and PKC cooperate to activate β3 integrin to induce platelets aggregation (Cifuni et al., 2008) . Another study showed that RasGRP2 is also important for β1 intergrin activation (Bergmeier et al., 2007) . More importantly, in vitro and in vivo assays of thrombi formation showed that RasGRP2 deficient animals have severe defects (Crittenden et al., 2004; Bergmeier et al., 2007) . The authors propose a model where various receptors, mainly G-protein coupled receptors (GPCRs) signal through RasGRP2, which can then activate Rap and lead to activation of integrins to mediate adhesion, a crucial step for platelets function (Fig. 5) (Crittenden et al., 2004) .
Those results prompted another group to study the role of RasGRP2 in FcγRIIA-mediated platelets activation and aggregation, which can lead to thrombocytopenia and thrombosis syndromes, a pathological condition for which few safe therapeutical options are available. The results showed that mice deficient for RasGRP2 are protected in a mouse model of immune-mediated thrombocytopenia and thrombosis syndromes (ITT) and suggested that RasGRP2 can be an attractive therapeutic target for treatments of this pathology (Stolla et al., 2011) .
Studies of neutrophils lacking RasGRP2 showed that RasGRP2 is also essential for efficient adhesion and chemotaxis of this cell type (Bergmeier et al., 2007; Carbo et al., 2010) . Using a variety of approaches the authors showed that RasGRP2 deficient neutrophils have impaired β2/β3 integrins-mediated adhesion and Rap1 activation. In vivo that resulted in impaired adhesion and extravasation. Given that the RasGRP2 mice also show defects in platelets aggregation this mouse model closely resembles leukocyte adhesion deficiency (LAD) syndrome (Bergmeier et al., 2007) . Finally, it also has been shown that RasGRP2 is expressed in peripheral human T cells and that chemokineinduced adhesion to ICAM-1 coated surfaces depends on RasGRP2 presence. Interestingly, that was not the case for VLA-4 mediated adhesion (Ghandour et al., 2007) . In summary, RasGRP2-dependent Rap1 activation is important for adhesion of different immune cells, including platelets, neutrophils and T cells.
RasGRP4 was the last RasGRP family member to be cloned (Reuther et al., 2002; Yang et al., 2002) . It is highly expressed in mast cells but recent data showed that it is also present in developing T cells and neutrophils (Suire et al., More recently it has also been shown that RasGRP1 also couples to Fc binding receptor as well as to GPCR such as CXCR4. RasGRP2 is mainly activated downstream of GPCR such as thrombin receptor. RasGRP3, similarly to RasGRP1 is engaged after antigen receptor triggering, but can also function downstream of receptor tyrosine kinases such as cMet (HGFR) or EGFR and cytokine receptor (GM-SCF). Finally, fMLP receptor (GPCR), FcR, preTCR and GM-SCF can all activated RasGRP4. preTCR, pre T cell receptor; TCR, T cell receptor; BCR, B cell receptor; G-CSFR, granulocyte colony stimulating factor receptor; GM-CSFR, granulocyte-macrophage colony stimulating factor receptor; EGFR, Epidermal growth factor receptor; HGFR, hepatocyte growth factor receptor; GPCR, G protein coupled receptor.
2012; Zhu et al., 2012) . We described the role of RasGRP4 in T cell development in previous chapter and here we will highlight novel data pointing out at its role in mast cells and neutrophils function.
The description of a mouse strain expressing defective RasGRP4 variant (without C1 domain) and which are hyporesponsive to methacholine stimulation via the airway prompted speculations that RasGRP4 is important for mast cell function (Li et al., 2003) . Subsequently, two independent groups generated RasGRP4 deficient mice and examined its role in mast cells development and function. Both groups demonstrated that RasGRP4 is dispensable for mast cell development and maturation (Adachi et al., 2012; Zhu et al., 2012) . The Zhang laboratory showed that RasGRP4 deficiency results in impaired FcεRI-dependent mast cell function such as degranulation and cytokines production. Interestingly, the phenotype was even more severe when RasGRP1 was lost suggesting that these two RasGRPs signal downstream of FcεRI and orchestrate FcεRI-dependent cellular processes (Fig. 5) . At a molecular level, deficiency of RasGRP4 leads to decreased phosphorylation of ERK, p38 as well as JNK after FcεRI stimulation. Intriguing, double deficiency of RasGRP1/4 resulted in impaired phosphorylation of PLCγ1 and calcium flux. In contrast to other cellular and receptor systems, it seems that in mast cells and specifically downstream of FcεRI, RasGRPs are upstream of PLCγ1 . The Stevens group investigated the consequences of RasGRP4 deficiency in two inflammation models, which involve mast cells. Interestingly, they show that RasGRP4 knockout mice are protected from DSS (dextran sodium sulfate)-induced acute colitis as well as from one type of experimental arthritis (Adachi et al., 2012) . However, since both of these models also involve other cell types of innate and adaptive arms of the immune system, it is difficult to point out which cells are affected (and how?) by RasGRP4 deficiency. Therefore, more detailed analysis will be needed to address this question.
Finally, it has been shown that neutrophils, among other RasGEFs, express RasGRP4 (Suire et al., 2012) . Neutrophils from RasGRP4 knockout mice were fully differentiated and functional in many aspects. When stimulated by fMLP, a chemotactic peptide derived from bacteria, which binds to FPR1, a GPCR, RasGRP4 deficient neutrophils showed a severe decrease in RasGTP levels, which resulted in impaired activation of Erk. Interestingly, fMLP-induced PIP3 production and phospho-Akt were also impaired by lack of RasGRP4, which suggested that GPCR-induced PI3K activation was RasGRP4-dependent In addition, ROS production in response to various stimuli activating GPCRs was also impaired in RasGRP4 knockout neutrophils. Overall, RasGRP4 deficiency closely photocopied the phenotype seen in mice expressing Ras-insensitive PI3Kγ mutant. The authors also showed that deficiency of PLCβ1/β2 has similar effects to RasGRP4 deficiency on fMLP-induced Ras, ERK, Akt activation as well as PIP3 production. Moreover and, as expected, neutrophils from these mice also had impaired DAG production. Overall, the experiments support a model where GPCR-induced activation of PLCβ1/β2 leads to DAG production and RasGRP4 activation (Fig. 5) , which results in loading of Ras with GTP. Once activated, Ras initiaties signaling cascades, which, on one hand, involves Raf-MEK-ERK pathway and on another PI3Kγ and production of PIP3 and activation of pleckstrin homology (PH) domaincontaining proteins such as Akt. As a consequence, ROS production and migration of neutrophils are increased and those are important for efficient clearing of the pathogens (Suire et al., 2012) .
From cancer to lymphocyte biology and back to cancer?
Historically, fibroblast screening assays that measure anchorage-independent growth were standard assays to measure a molecule's transformative potential. As mentioned earlier, the first RasGRP1 clone was originally identified from a cDNA library in such a fibroblast transformation screen (Ebinu et al., 1998) . Subsequent comparisons demonstrated that RasGRP1 was fairly efficient in transforming fibroblasts, similar to the transformative capacity of mutated H-Ras (HRas G12V ), whereas RasGRP3 revealed only very modest activity in this assays and RasGRP2 none at all (Yamashita et al., 2000) . As sometimes occurs in science, RasGRP research took a sharp left turn toward lymphocyte development and for a while disappeared from the radar screen of cancer biologists. Recent reports on RasGRPs in various cancers are likely to renew the interest of the larger cancer community in RasGRP RasGEFs.
The role of RasGRP1 in skin cancer-a biochemical Ras-JNK2 pathway?
Patricia Lorenzo has been on the forefront to describe a role for RasGRPs in cancer. Her team first described that RasGRP1 is expressed in primary mouse keratinocytes. The protein mainly localizes in the cytoplasm and shows perinuclear staining in unstimulated cells. Upon addition of TPA, which is a DAG analog, RasGRP1 redistributes to plasma membrane. Overexpression of RasGRP1 had a profound effect on keratinocyte morphology and cell biology as it increased apoptosis and the percentage of hypodiploid cells (Rambaratsingh et al., 2003) . In addition, RasGRP1 overexpression could also block calcium-induced keratinocyte differentiation, arguing that RasGRP1 may play a role in lineage differentiation of not only lymphocytes but also of keratinocytes. At a molecular level, elevated amounts of RasGRP1 resulted in increased levels of RasGTP that further increase upon TPA stimulation (Rambaratsingh et al., 2003) . This study also demonstrated for the first time that TPA induces degradation of RasGRP1, suggesting that RasGRP1 levels might be regulated via a stimulus-dependent, negative feedback loop. In subsequent study, TPA-induced RasGTP production in keratinocytes was confirmed to be RasGRP1-dependent when the Lorenzo group used Jim Stone's mouse model to show that Rasgrp1 deficient keratinocytes failed to activate both H-and N-Ras (Sharma et al., 2010) . Interestingly, the magnitude of phospho-ERK was not affected by Rasgrp1 deficiency, postulating that RasGRP1 in this situation does not signal to the canonical RasGTP-RAF-MEK-ERK pathway. The authors did not investigate the levels of PI3K/Akt pathway activation, another known effector cascade downstream of RasGTP. It was noted though that phospho-JNK2-but not phospho-JNK1-levels were diminished in cells lacking RasGRP1. Conversely, overexpression of RasGRP1 increased pJNK2 levels after TPA stimulation (Sharma et al., 2010) . The reason that RasGRP1's differential effect on JNK-1 and-2 is interesting is that phospho-JNK2 has been reported to have pro-tumorigenic effects in mouse keratinocytes, whereas pJNK1 has the opposite effect rising possibility that deregulated levels of RasGRP1 could have oncogenic properties through specific activation of JNK2 (Sharma et al., 2010) . Since TPA is a synthetic DAG analog, it remains to be established which of the physiologic stimulus activates RasGRP1 in keratinocytes. Does RasGRP1 in keratinocytes require receptor systems that can couple to PLC to generate DAG, or does RasGRP1 operate in a DAG-independent manner in this cell lineage? Likewise, it will be of interest to determine which canonical and non-canonical signaling pathways are activated in a RasGRP1-dependent manner.
The role of RasGRP1 in skin cancer-mouse models of multi-step carcinogenesis The Lorenzo group also employed mouse models. Characterization of RasGRP1 transgenic mice, which overexpress RasGRP1 specifically in epidermal keratinocytes (the expression of RasGRP1 is driven by K5 promoter; termed K5-RasGRP1 here), showed that elevated RasGRP1 does not cause any overall disruption of skin architecture in young mice. However, almost 50% of the mouse colony spontaneously developed skin tumors on the dorsal skin as well as on the tail by 7 months of age. The incidence of tumors was higher in animals caged together suggesting that wounding may contribute to the development of those neoplasms. The majority of those tumors were classified as benign papillomas and an only small fraction as malignant squamous cell sarcomas (SCC) (Oki-Idouchi and Lorenzo, 2007) . It should be noted that papillomas are not seen in human UVB-induced cutaneous carcinomas. As expected, K5-RasGRP1 tumors expressed RasGRP1 but did not contain oncogenic H-Ras mutations. H-Ras mutations are very frequently found in carcinogen-induced skin cancer (reviewed in (Perez-Losada and Balmain, 2003)). It is conceivable that overexpressed RasGRP1 and H-Ras mutations are mutually exclusive molecular events in skin cancer in a manner that is analogous for what we have published on T cell leukemia (Hartzell et al., 2013) and will describe toward the end of this review.
At molecular level, K5-RasGRP1 keratinocytes demonstrated elevated RasGTP (Oki-Idouchi and Lorenzo, 2007) suggesting that increased levels of Ras signals could contribute to the abnormal growth. Since RasGTP can activate numerous effectors pathways, it would be of interest to investigate which of the effectors arms increased RasGRP1 levels affects in vivo. Is JNK2 activation involved? Again, it is unclear if receptor stimulation (and if so, which receptor) plays a role in K5-RasGRP1 keratinocytes. Interestingly, RasGRP1 overexpressing keratinocytes produced more G-CSF in an in vitro wound assay (Oki-Idouchi and Lorenzo, 2007) . G-CSF is a growth factor that is known to promote keratinocyte growth. Although no functional data exists to date, it is tempting to speculate that RasGRP1 and G-CSF may operate in an autocrine positive feedback loop enabled by the unknown wound-induced parameter.
The relevance of skin wounding toward the development of skin tumors in the K5-RasGRP1 mice was further substantiated by the same group (Diez et al., 2009 ). Whereas introduction of skin wounds did not cause tumors in wild-type mice, 50% of K5-RasGRP1 mice developed papillomas or squamous cell carcinomas (SCC) following such insult. The size of tumors was proportionate to the level of RasGRP1 expression-the higher RasGRP1 levels, the bigger the tumorssuggesting that gene dosage may be important in the promotion of the abnormal growth. Serum G-CSF levels were elevated in the K5-RasGRP1 mice 24h post wounding, again pointing to a possible connection between RasGRP1 and G-CSF in promoting tumor development in vivo. However, no functional data, such as blocking G-CSF was performed to explore this further mechanistically.
A multi-stage chemical carcinogenesis model is a widely used protocol to study epithelial cancer initiation and progression. The initiation step is accomplished by treatment of shaved mouse skin with a carcinogen such as 7,12-dimethylbenz[a]anthracene (DMBA) at a very low dose. DMBA promotes stereotypic oncogenic mutations in H-Ras (reviewed in (Perez-Losada and Balmain, 2003) ). In the second (promotion) stage, repetitive application of promoting agent such as TPA, takes place. The advantage of this model is that it mimics, to certain extent, repetitive exposure to the mutagene and that it allows for the separation of initiation and progression stages of tumor development (Abel et al., 2009) , although it should be noted that cumulative UV exposure rather than chemicals causes most human skin neoplasms (reviewed in (Ratushny et al., 2012) ). Using this model, Luke et al. explored the role of deregulated RasGRP1 in skin tumor initiation and progression (Luke et al., 2007) . Comparing wild-type to K5-RasGRP1 mice, the authors established that RasGRP1 does not contribute to tumor initiation stage since the incidence and the number of tumors per mouse was similar for both models. The type of tumors (benign papilomas vs. malignant sarcomas) was also similar between two experimental groups. However, increased RasGRP1 levels contributed to tumor progression since higher incidence of animals with bigger and less differentiated tumors were noted in the K5-RasGRP1 group. How, e.g. through which effectors and signaling pathways, RasGRP1 contributes to SCC progression is not unclear and remains largely unexplored so far. Moreover, whereas the discussed studies point out at a possible role of RasGRP1 in the pathogenesis of cutaneous neoplasms, how those observations in murine models correlate to human situation is unclear. Therefore, further research is needed to explore the role of RasGRP1 in human skin cancer.
RasGRP3 in prostate cancer and melanoma
Following the paved path by RasGRP1 and skin neoplasms in the mouse models, RasGRP3 has recently emerged as a player contributing to the prostate cancer as well as melanoma. Significantly, Peter Blumberg and colleagues included analyses of patient samples so that clinical relevance is more apparent here.
We will first discuss the prostate cancer study, which starts with the observation that RasGRP3 mRNA levels are elevated in a subset (around 26%) of patients with prostate cancer as compared to healthy individuals (Yang et al., 2010) . Evaluation of RasGRP3 expression in human prostate cell lines showed that androgen-independent cell lines expressed almost 10 times more RasGRP3 as compared to androgendependent cell lines. Androgen-independent tumors are typically more aggressive (reviewed in (Feldman and Feldman, 2001) ). Subsequent in vitro experiments using siRNA strategies revealed that downregulating RasGRP3 expression decreased basal RasGTP levels, interfered with cell growth, and increased apoptosis. Similar results were obtained in vivo; using a xenograft model the authors revealed that decreasing levels of RasGRP3 expression inhibited growth of subcutaneously injected cell lines (Yang et al., 2010) .
To understand better the molecular mechanism by which RasGRP3 promotes tumor growth, the authors investigated activation of signaling molecules downstream of HGF (hepatocyte growth factor), a growth factor knows to be important in normal as well as cancerous prostate (Knudsen and Edlund, 2004) . Unfortunately, these approaches were only taken in a few cell lines but the results are nevertheless interesting. In one cell line, reduction of RasGRP3 levels caused diminished levels of HGF-induced phospho-Akt and to lesser extent phospho-ERK in one cell line. Thus, RasGRP3 may be downstream of HGF receptor (Fig. 5) . Interestingly, the effect on phospho-Akt was also seen in second cell line that is PTEN-deficient and therefore does not rely on growth factor stimulation for the activation of the PI3kinase-Akt pathway. P-Akt is constitutively high in these cells without HGF stimulation but reduced when RasGRP3 is targeted by shRNA (Yang et al., 2010) . These results, if generalizable, suggest that RasGRP3 may promote excessive growth and survival through the activation of Akt pathway in the context of prostate cancer, either in response to HGF stimulation or in a constitutive manner when mutations result in active PI3kinase signaling. It would also imply that patients with elevated RasGRP3 levels may potentially benefit from therapies based on PI3K inhibitors. At this point it is not clear if and how RasGRP3 becomes activated after HGF stimulation and how it intersects with the PI3K pathway in the absence of growth factor stimulation. We will come back to this issue in later sections. The authors also perform add-on experiment where they overexpress RasGRP3 in an androgen-dependent cell line, which has low endogenous RasGRP3 protein levels. Elevated levels of RasGRP3 caused phenotypic changes and turned androgen-dependent line into androgen-independent, which is interesting and relevant as it would suggest that deregulated levels of RasGRP3 may facilitate progression from androgen-dependent to more aggressive, androgen-independent phenotype (Yang et al., 2010) .
The Blumberg group also explored RasGRP3's contribution to melanoma development and demonstrated that approximately 12% of the samples from melanoma patients expressed RasGRP3 (Yang et al., 2011) . For now it is unclear if those patients are developing more aggressive forms of the disease or if they are at risk for relapse. The authors also show that many of the melanoma cell lines but not normal melanocytes express various amounts of RasGRP3. To assess the role of RasGRP3 in those cell lines, the investigators decreased RasGRP3 expression levels in some of them. With few exceptions, in most cell lines interfering with RasGRP3 levels decreased cell proliferation in vitro and similar results were obtained in vivo. The effects of RasGRP3 ablation on signaling pathways were also examined. Knockdown of RasGRP3 expression caused a reduction of both basal and HGF-induced phospho-Akt levels, suggesting that RasGRP3 can contribute to the activation of the HGF pathway pathway in melanoma. The expression of the HGFR (cMet) was diminished, which is an interesting result in the light of more recent data showing that stromal cells can secrete HGF and contribute to the resistance to various kinase inhibitors (Straussman et al., 2012; Wilson et al., 2012) . Therefore, cotargeting RasGRP3 could potentially overcome this resistance mechanism.
RasGRPs role in blood cancers
Several lines of evidence suggest that different RasGRP family members contribute to blood neoplasms. The high frequency is perhaps a reflection of the already existing RasGRP expression in normal cells of the hematopoietic system. Distinct RasGRP family members have been implicated in the cell biology of B cell lymphomas, acute myeloid leukemia and T cell acute lymphoblastic leukemia/ lymphoma and we will discuss further those findings in the coming paragraphs.
The first indication that RasGRP proteins are contributing to the development of hematological malignancies came from retroviral mutagenesis screens, which looked for new genes involved in B cell lymphoma. Two independent groups demonstrated that both RasGRP1 and RasGRP2 genes, along with other genes implicated in Ras signaling, were found to be common insertional sites (CIS) (Mikkers et al., 2002; Suzuki et al., 2002) . Unfortunately, these CIS mapping studies were not validated by mechanistic approaches and it remains to be determined if and how RasGRP1/2 are involved in tumor initiation and/or progression in B cell lymphoma.
There is growing evidence that RasGRPs are also important in acute myeloid leukemia (AML). AML is a blood neoplasm, which is characterized by failure of bone marrow to produce functional myeloid cells; i.e., granulocytes, red blood cells or platelets. It can arise de novo or can result from a progression of myelodysplastic/myeloproliferative disorder (MDS/MPD). An important distinction between the two entities, apart from the percentage of malignant blasts in the bone marrow, is the fact that in AML there is a block in differentiation, which results in the accumulation of immature cells with blast morphology in the bone marrow and decrease of mature, functional cells in the blood. By contrast, in MDS/ MPD cells fail to differentiate that is cells mature to certain stage but then instead of achieving next step, they die. A large proportion of patients with MDS/MPD progress to AML (reviewed in (Corey et al., 2007) ). First indication came from cloning of RasGRP4, which was isolated from patients with AML (Reuther et al., 2002; Watanabe-Okochi et al., 2009 ). RasGRP4, similarly to RasGRP1 and 3 had some transforming potential when assessed in fibroblast or epithelial cells (Reuther et al., 2002) . More importantly, RasGRP4 when overexpressed in 32D myeloid cell lines promotes cytokineindependent growth. Significantly, this effect was dependent on presence of PMA, indicating that RasGRP4 still needs to be activated in a DAG-dependent manner to exert its tumorigenic function. Importantly, PMA alone (without RasGRP4 overexpression) did not cause cytokineindependent growth in those cell lines (Reuther et al., 2002) . Transplantation of RasGRP4-transduced bone marrow progenitors resulted in the development of AML-like disease in roughly one fourth of a limited mouse number, providing some in vivo evidence that deregulated RasGRP4 can initiate the disease (Watanabe-Okochi et al., 2009) . It is worth noting that the E468K-RasGRP4 variant used in this experiment was found in a patient with myeloproliferative disorder (MPD). It is not clear if wild-type protein can have same tumorigenic potential. It also remains to be established how this E468K mutation -changing negatively charged glutamic acid into arginine with a positive charge-affects RasGRP4 protein function. Nor is it known what the incidence is for carrying this (or other RasGRP4's) mutations/variants in patients with MPD, who are predisposed to develop AML. Those would be interesting questions to be pursued in the future.
In vitro hypersensitivity to GM-SCF is one of the cellular hallmarks found in patients with juvenile myelomonocytic leukemia, implicating aberrant GM-SCF signaling in the pathogenesis of this disease and our recent study investigated the role of RasGRP3 and 4 downstream of this growth factor (Emanuel et al., 1991) reviewed in (Koike and Matsuda, 2008) . Collaborating with the teams of Ben Braun and Kevin Shannon and others, we showed that both RasGRP3 and 4, but not RasGRP1, are expressed in bone marrow macrophage progenitors cells (BMMPC) (Diaz-Flores et al., 2013) . Significantly, RasGRP3 expression was elevated in BMMPC derived from KRas G12D mice with mutated KRas, as compared to wild-type cells. Biochemical analyses revealed that GM-SCF-induced phospho-ERK is RasGRP4-dependent in wild type cells but depends on both RasGRP3 and RasGRP4 in KRas G12D cells (Fig. 5) . The mechanism of and reason for RasGRP3's elevated expression in KRas G12D cells is unclear at this point and requires further investigation. As for many of the other cancer studies previously discussed, in this AML study, it is also unclear how RasGRP3 and RasGRP4 couple to GM-SCF and we will further discuss that issue in the next paragraph.
Hyperactive Ras signaling has been implicated in many cancers, including acute myeloid leukemia (reviewed in (Ward et al., 2012) ). Mice deficient for NF1, which functions as RasGAP, develop myeproliferative disorder, which closely models human juvenile myelomonocytic leukemia. Retroviral mutagenesis, achieved through infection of NF1-deficient pups with MOL4070LTR retrovirus, induces progression from MPD to aggressive AML in those mice. This approach can be used to explore genes and pathways that cooperate with NF1 to induce AML, as well as to investigate resistance to clinically relevant MEK inhibitors (Lauchle et al., 2009) . Kevin Shannon's group used this model to discover that one of the mechanisms conferring the resistance to MEK inhibitors is through increased expression of RasGRP1. As a result of elevated RasGRP1, resistant leukemias show increased basal RasGTP and spontaneous cytokine-independent colony growth. Importantly, downregulating RasGRP1 levels via shRNA approach could restore sensitivity to MEK inhibitor, proving that resistance to the drug was in fact mediated by increased RasGRP1 levels.
Around 35% of AML patients have a mutation in nucleophosmin protein, a nuclear chaperone protein, which is important in several cellular processes such as ribosome biogenesis and centrosome duplication (reviewed in (Grisendi et al., 2006) ). Around 30% of mice, which harbor mutation in the nucleophosmin, develop AML with delayed latency suggesting that cooperating mutations are needed as well. A Bis-functional PiggyBac/Sleeping beauty transposon approach was used to identify additional mutations that can cooperate with mutant nucleophosmin in inducing AML. The Sleeping beauty model has the particular advantage of being capable to both activate and disrupt genes (Vassiliou et al., 2011) . One of the most common insertional sites (CIS) was found in the gene encoding for GM-SCF, the growth factor previously linked to the pathogenesis of JMML, but also of AML (Young and Griffin, 1986; Dührsen et al., 1990; Rogers et al., 1994) . Other CIS were found in genes regulating/ activating Ras proteins, including RasGRP1, Flt3 (FMSrelated tyrosine kinase 3, also known as Flk2 or CD135) and KRas itself. Interestingly, all latter three CIS were mutually exclusive with CIS in GM-SCF suggesting that they are within the same pathway or provide similar oncogenic signals. Flt3 is a receptor tyrosine kinase known to regulate hematopoiesis and is frequently mutated in human AML cases (Yamamoto et al., 2001) . The fact that RasGRP1 insertions cooperate with mutant nucleophosmin indicate that it can provide alternative proliferation and/or survival signals that complement mutant nucleophosmin. It remains to be determined what kind of cellular signals are under RasGRP1's control in these settings. It is also worth noting that RasGRP1 insertions were never found in wild-type mice subjected to same mutagenesis protocol, suggesting that CIS in RasGRP1 alone are not sufficient to drive AML. In contrast, insertions in Flt3 or NF1 were found in both genotypes. In addition RasGRP1 CISs were also mutually exclusive with insertions in KRas, indicating that these CIS types may have similar cell biological impacts.
Multiple receptor systems couple to RasGRP proteins
On the basis of the RasGRP biology described in the previous sections, it appears that different RasGRP proteins couple to multiple receptor systems in addition to the well-accepted role of RasGRPs downstream of the TCR and BCR (Fig. 5) . For many of these receptors, it is still an open question if these engage phospholipase C γ and lead to DAG production, or if there are alternative manners of RasGRP membrane recruitment. The cancer studies described thus far added the receptor tyrosine kinases such as HGFR (cMet) and EGFR to the list of BCR, preTCR, TCR, and CXCR4. For the latter it was shown that RasGRP1 also couples to CXCR4 (receptor for chemokine SDF-1), which activates phospholipase C β. CXCR4-induced activation of Ras and phospho-ERK was RasGRP1-dependent and resulted in increased migration of Jurkat cells in chemotaxis assays. Curiously, CXCR-4-induced activation of phosho-ERK was dependent on the presence of RasGRP1's C1 domain but CXCR-4-induced relocalization of RasGRP1 was not (Kremer et al., 2011) . This result suggests that RasGRP1's localization after CXCR4 stimulation is mediated by a different mechanism than binding of membrane DAG, as it is the case for e.g. antigen receptors. At the same time RasGRP1's function downstream of CXCR4 still depends on the intact C1 domain and presumably DAG binding. As intriguing those results are, these studies need to be confirmed in primary cells and with use of a carefully designed C1 domain mutant instead of a truncation mutation.
The conventional view on receptor-induced RasGRP activation is that DAG needs to be generated in order to coordinate proper localization and/or activation of the protein. However, there is growing evidence that RasGRPs can also couple to receptors which are not known to trigger activation of phospholipase C and therefore likely do not engage active DAG production. As mentioned above, RasGRP3 and 4 can potentially couple to GM-CSF in macrophage progenitors and orchestrate activation of phospho-ERK (Fig. 5) (DiazFlores et al., 2013) . A second report suggested that RasGRP1 couples to a related cytokine, G-CSF, to induce phospho-ERK that is important for neutrophil development (de la Luz Sierra et al., 2010) . More recently, our group demonstrated that IL-7-induced RasGTP is RasGRP1-dependent in T cell leukemic cells (Hartzell et al., 2013) . In the next paragraph, we will discuss the specific example of this novel IL7R-RasGRP1 pathway in more detail, but it is likely that future studies will mechanistically link the RasGRPs to receptor systems in addition to the TCR and BCR (Fig. 5 ).
RasGRP1 and oncogenic KRas in T cell acute lymphoblastic leukemia/lymphoma (T-ALL)
T cell acute lymphoblastic leukemia/lymphoma (T-ALL) is an aggressive blood cancer, which can affect children as well as adults. T-LL (T cell lymphoblastic leukemia/lymphoma) has very similar features as T-ALL, except for the presence of mediastinal masses, which cause respiratory distress in patients. Here we refer to both T-ALL and T-LL as T-ALL. T-ALL accounts for around 15%-20% of all acute leukemia cases and is associated with poor prognosis. In T-ALL, abnormally proliferating cells arise from developing thymocytes, which then spread out through out the body. Another feature that complicates the treatment is dissemination to the central nervous system. The current line of treatment involves multi-agent chemotherapy regiments, which are known to have many side effects (reviewed in (Aifantis et al., 2008) ).
Genetic make up of T-ALL have been elusive for many years but the past decade has been quite fruitful in elucidating this disease. Molecular analyses showed that the oncogenic mutations are mostly present in genes regulating T cell differentiation, preTCR/TCR signaling and also cytokine signaling (reviewed in (Grabher et al., 2006; Aifantis et al., 2008; Gutierrez et al., 2009; Zhang et al., 2012) ). Those include Notch mutations, aberrant activation of PI3K pathway through various mechanisms, as well as the Ras pathway. In this chapter we wish to discuss in more detail the role and contribution of Ras signaling in T-ALL.
Early studies investigating the prevalence of oncogenic Nor K-Ras mutations in childhood T-ALL showed that these are relatively rare and present in only 4%-10% of patients, which is much lower than in other tumor types such as pancreatic or colorectal cancer (Ahuja et al., 1990; Yokota et al., 1998; Kawamura et al., 1999; Friday and Adjei, 2005) . Significantly, it has also been shown that roughly 50% of patients have increased Ras activation levels in bone marrow cells from punctures or in peripheral blood cells, as compared to healthy controls (von Lintig et al., 2000) . This result underscored the importance of aberrantly activated Ras signaling in T-ALL but at the same time it pointed out that there must be alternative mechanisms, other than mutations in Ras genes themselves, which can lead to increased Ras signals. Several possibilities that would result in increased RasGTP levels can be envisioned, such as through increased receptor input, via increased activity of positive regulators, such as GEFs, or through the loss of negative regulators such as GAPs. For unknown reasons, mutations in the RasGAP NF-1 are very rare in T-ALL and are present in only around 3% of patients (Balgobind et al., 2008) . By contrast, both Kitamura group as well as our group uncovered that deregulated RasGRP1 is a very common feature in T-ALL and able to drive aberrant Ras signaling (Oki et al., 2011; Hartzell et al., 2013) . We will further discuss those findings.
The first study implicating RasGRP1 in T-ALL pathogenesis came once again from retroviral mutagenesis screens where insertions in the RasGRP1 gene were one of the most commonly found (Kim et al., 2003) . Transgenically engineered mice corroborated these CIS studies and Robert Kay and colleagues reported that overexpression of RasGRP1 in thymocyte leads to thymic lymphomas even in the absence of input from T cell receptor (Klinger et al., 2005) . The penetrance of the phenotype was dependent on the transgenic line and the highest rate was 50% with a latency of 130 days. The immunophenotype of expanding blasts was also variable and included a mix of DN, DP and/or SP thymocytes (Fig. 3) . Transformed cells disseminated to other lymphoid organs, notably to the spleen, lymph nodes and/or bone marrow. Since expansion of different thymocyte subsets occurred before the onset of the disease, the authors speculated that one of the mechanism by which inappropriate high levels of RasGRP1 could be oncogenic is through increased pool of proliferating immature thymocytes. An independent group more recently made very similar observations by using retroviral overexpression of RasGRP1 in a bone marrow transfer model to induce leukemia (Oki et al., 2011) . One important contribution of this report was to show that aberrant expression of RasGRP1 cooperates with Notch1 in initiation and/or progression of T-ALL.
As much as those aforementioned studies were helpful at pointing out at the possible involvement of RasGRP1 in T-ALL, none of them addressed the relevance to human disease or the molecular mechanism of oncogenic RasGRP1. We have addressed some of those points in our recently published study. First, we have demonstrated that deregulated expression of RasGRP1 is a frequent event in both pediatric T-ALL patients and in mouse models where T-ALL is driven by mouse leukemia virus insertions (Hartzell et al., 2013) . Secondly, we were able to show that elevated levels of RasGRP1 as well as classical oncogenic mutations in K-Ras are two distinct mechanisms to trigger oncogenic Ras signaling in T-ALL (Fig. 6) . Those events are mutually exclusive and significantly differ in terms of biochemistry. KRas G12D T-ALLs critically depend on uncoupling strong, constitutive Ras signal from a P53-P21 cell cycle arrest program to aggressively grow. By contrast, dysregulated RasGRP1 T-ALL with modest overexpression of RasGRP1 display low constitutive Ras signals that do not trigger cell cycle arrest. Instead, we find that these RasGRP1 T-ALLs efficiently cooperate with receptor signal input from cytokines such as IL-7 that are typically produced by stromal cells in the bone marrow. Signaling through IL-7 receptor has already been shown to be important for maintaining survival and proliferation of leukemic blasts (Barata et al., 2004a (Barata et al., , 2004b (Barata et al., , 2005 Silva et al., 2011; Zenatti et al., 2011) . At this point it is not clear how RasGRP1 couples to IL-7 receptor and future studies are needed to dissect this novel signaling pathway. It is also not clear if that pathway operates in normal thymocytes as well or only in leukemic cells.
A perplexing and clinically relevant finding when considering molecularly targeted therapy was the observation that clonal T-ALL lines (with KRas mutation or RasGRP1 overexpression) exhibited a great deal of biochemical heterogeneity, that is in terms of activation of effector pathways downstream of Ras. In addition, when RasGRP1 levels were decreased (in vitro or in vivo), cells could "switch" from using one pathway to another suggesting that there is a great deal of plasticity in the usage of signaling pathways which give similar cellular outcomes . We will elaborate on that point at the end of our review.
A special role for RasGRP1; expression or biochemical features?
Both, human data and mouse models pointed out at that RasGRP1 is unique among other RasGEFs in its capability in induce T cell leukemogenesis (Hartzell et al., 2013) . We hypothesize that two of its features, RasGRP1's expression pattern and its biochemical properties, could contribute to this phenomenon.
Genetic studies showed that RasGRP1 is the most important RasGEF during T cell development. RasGRP1 KO mice have a profound T cell developmental block and, as discussed in the previous chapters, RasGRP1 is essential for β-selection, positive and negative selection. Deficiency in other thymocytes-specific RasGEFs such as RasGRP3, RasGRP4, RasGRF2 or Sos has either no phenotype or much milder phenotype as compared to RasGRP1 KO mice (Ruiz et al., 2007; Kortum et al., 2011; Zhu et al., 2012; Golec et al., 2013) . The role of RasGRP1 in T cell development can be explained to some extent by its expression pattern (Fig. 3) . RasGRP1 mRNA and protein levels are dynamically regulated: they are low in DN thymocytes, then they rise sharply at the DP stage to be downregulated again once cells reach SP stage (Priatel et al., 2002; Norment et al., 2003; Kortum et al., 2011 ). RasGRP1's mRNA levels are also regulated in response to TCR triggering (Diehn et al., 2002) and the DAG analog TPA induced RasGRP1 degradation in mouse keratinocytes (Rambaratsingh et al., 2003) . These features of RasGRP1 suggest that the regulation of mRNA and protein abundance is one of the mechanisms to control its activity and function.
Currently, we do not fully understand the mechanisms behind regulation of RasGRP1 levels during T cell development. A candidate regulator is a transcription factor Gfi1. It has been shown that Gfi1 knockout mice have deficiency in RasGRP1 mRNA and protein levels (de la Luz Sierra et al., 2010) . Interestingly, a recent report by the Moroy group demonstrated that Gfi1 mRNA levels are increased in a subset of human T-ALL patients, which had a Notch1-like gene expression signature (Khandanpour et al., 2013) . Similarly to what has been shown for RasGRP1, Gfi1 levels are low in ETP T-ALLs . It is not known if RasGRP1 abundance correlates with increased levels of Gfi1 in T-ALLs. It is also a conundrum how Gfi1 regulates RasGRP1 transcripts levels since putative RasGRP1 promoter does not contain conserved Gfi1 binding sequences. Therefore, it is possible that it does so in an indirect way by regulating some, yet to be determined, negative regulators. Future studies should shed light on that question.
Careful analysis of biochemical properties of RasGRP1 and Sos in normal lymphocytes revealed that downstream of the antigen receptors, RasGRP1 is dominant over Sos (Roose et al., 2007) . The reason for this is because RasGRP1-activated RasGTP not only activates its downstream effectors such as Raf-MEK-Erk pathway but also binds to the allosteric pocket of Sos to increase its GEF activity and therefore engage positive feedback loop (Boykevisch et al., 2006; Roose et al., 2007; Das et al., 2009) . Therefore, RasGRP1 promotes activation of Sos. Our study showed that this dominance is maintained downstream of cytokine receptors. In fact, decreased Sos levels did not change cytokine-induced RasGTP levels in T-ALL cell lines and conversely lowering RasGRP1 levels resulted in significant decrease RasGTP loading (Hartzell et al., 2013) . As mentioned in earlier paragraph, RasGRP1, but not other RasGRP proteins, contains the C-terminal tail and although the function of this domain is still not very well understood, it is believed that it mediates protein-protein interactions (Ebinu et al., 1998; Beaulieu et al., 2007; Zahedi et al., 2011) . Therefore, RasGRP1, but not other family members, would have very unique property of binding distinct partners and could potentially modulate different signaling pathways.
In summary, although the mechanism underlying RasGRP1 specificity in T-ALL are still elusive and need further investigation, the mRNA and protein expression pattern as well as biochemical properties are likely to contribute.
Developmental heterogeneity in T-ALL
T-ALL is a heterogenous disease in terms of immunophenotype, cytogenic abnormalities and response to treatment. Unlike for B-ALL, age, leukocyte count at the diagnosis, or immunophenotype do not predict response to treatment (Pieters and Carroll, 2010) . Similarly, cytogenic abnormalities or gene expression profiles, although sometimes correlate with the outcome, are not used as a basis of stratification protocols (Graux et al., 2006) .
A classical view is that the immunophenotype of malignant blasts reflect the developmental stages of normal thymocytes (Graux et al., 2006) . Microarray data suggested that certain gene expression signatures found in leukemic cells can help categorize T-ALL to different stages of normal thymocyte development (Ferrando et al., 2002) . That view has been strengthened by description of subtype of pediatric T-ALL with the properties similar to murine early T cell progenitors (ETPs) (Coustan-Smith et al., 2009) . ETPs are early immigrants from the bone marrow to the thymus with some stem cell signature and dual lymphoid and myeloid potential (Bell and Bhandoola, 2008; Wada et al., 2008) . Human ETP T-ALLs show similar gene signature and immunophenotype to normal murine ETPs suggesting that the normal ETP are the target cell for transformation (Coustan-Smith et al., 2009) . This group of patients responds poorly to lymphoid-celldirected therapies and it has been suggested that those patients would benefit from myeloid-cell targeted therapies such as those used for patients with AML. More recently, whole genome sequencing data comparing ETP and non-ETP patients became available . This study showed that the majority (almost 70%) of patients with ETP T-ALL had mutations in genes affecting cytokine receptor and Ras signaling although the type and genes affected were extremely heterogeneous between individuals. Overall, the spectrum of mutations found in this group of T-ALLs resembled mutations found in patients with myeloid malignancies. Moreover, the analysis of gene expression profiles showed that ETP T-ALL resemble more normal human hematopoietic stem cells and granulocyte macrophage progenitors rather than normal human ETPs suggesting that ETP T-ALL is a poorly differentiated stem cell-like leukemia.
More recently, an elegant study using Sleeping Beauty transposon suggested that some T-ALL blasts might not follow the normal developmental path and be simply abnormally proliferating arrested thymocytes but can instead dedifferentiate (Berquam-Vrieze et al., 2011) . This conclusion was based on the observation that some leukemias in which mutagenesis through the activity of Sleeping Beauty transposon was initiated at the DP stage (using CD4Cre system) showed ETP-like gene signature. This result is provocative and the underlying mechanism is still an unresolved puzzle. In support of the validity of the mouse model data, roughly half of human ETPs show TCR genes rearrangements suggesting that they arise from at least DN2/ DN3 stage (Coustan-Smith et al., 2009) . Interestingly, insertions in the RasGRP1 locus mostly occurred in early hematopoietic subsets, similarly to those in Notch1 locus suggesting that deregulation of RasGRP1 may be an early event during tumorigenesis and that early hematopoietic cells may be more sensitive and susceptible to inappropriate levels of this Ras GEF.
Certainly, there is still a lot to understand about initiation and progression of T-ALL and recent data point out that this disease is more complex that we have previously anticipated complicating the design of effective therapies. New tools such as recently described single-mass cytometry (CyTOF) would allow in the near future for more detailed analysis of normal as well perturbed hematopoiesis .
Biochemical hetereogenity and plasticity in T-ALL-implications for therapeutic intervention
The genomic landscape of T-ALL, similarly to other cancer types, is extremely complex due to many, so-called "driver" and "passenger" mutations. In addition, heterogeneity within tumor as well as between the patients adds another layer of complexity and unpredictability Vogelstein et al., 2013) .
Modern cancer therapies target signal transduction pathways, which drive aberrant proliferation and survival of cancer. There are fairly few true successes with this approach, such as BCR-ABL inhibitors used for CML or B-Raf inhibitors for melanoma. In general, it appears to be extremely difficult to predict how genetic alterations affect signaling networks. Together with Kevin Shannon's group, we demonstrated that mouse T-ALL lines with the same "driving" mutation/alteration such as KRasG12D or high RasGRP1 and with similar growth characteristics can use different (and to variable degree) signaling pathways (Dail et al., 2010; Hartzell et al., 2013) . Similar observations were obtained by the examination of human T-ALL cell lines, which showed very variable usage of PI3K signaling pathway (Maser et al., 2007; Palomero et al., 2007) . Although the biochemical heterogeneity have been mostly observed in the cell line systems, it is highly likely that human primary samples also share that feature.
One of the inherit properties of kinase signaling networks are the presence of feedback loops and ability of cells to rewire these networks (Pawson and Linding, 2008) . Cancer cells, including T-ALLs, seem to have similar mechanism as their normal counterparts and seem to explore modulation of signaling networks to avoid oncogene-induced senescence or achieve resistance to small inhibitors targeting particular signaling pathway. For example, we observed that T-ALL lines, which grow subcutaneously, can "switch" from using NF-κB pathway to Akt pathway in response to shRNAmediated RasGRP1 knockdown (Hartzell et al., 2013) . Signaling "plasticity" of particular cancer type has potentially tremendous consequences for targeted therapies and could be a major deal breaker.
A very elegant recent study by Lee and colleagues demonstrated that careful analysis of normal-and oncogenicsignaling network rewiring in response to drugs can lead to a design of the protocol treatment that specifically and with higher efficiency targets tumor cells (Lee et al., 2012) . The authors combined mathematical modeling, high-throughput measurements of signaling events, gene expression profiling and cell responses (growth vs. apoptosis) to demonstrate that in triple negative breast cancer cells time-staggered inhibition of EGFR rather than simultaneous administration, sensitizes cancer cells to genotoxic drugs. It remains to be determined if that is true for other cancer cell types or maybe the rules are different. Finally, it would be exciting to prove the efficacy of such approach in the clinic.
As for T-ALL, targeted therapies are not available at the moment and patients are treated with chemotherapy, known for its severe side effects. Therefore, there is unmet need to improve treatment for T-ALL patients with more efficient therapies and with fewer side effects. Few attempts had so far limited successes. Prompted by studies which showed that Notch1 is mutated in 50% of patients with T-ALL and encouraged by in vitro results in human T-ALL cell lines showing that Notch1 inhibition affects cells growth and proliferation, a clinical trial was launched with a γ secretase inhibitor, which affects processing and activation of Notch1 (Weng et al., 2004; Palomero et al., 2006a Palomero et al., , 2006b Palomero et al., , 2007 Weng et al., 2006; Chan et al., 2007; ) . However, it had to be stopped due to severe gastrointenstinal toxicity and limited anti-leukemic efficacity (DeAngelo, 2006) . The development of safer inhibitors could still prove that this strategy is a therapeutic option. Another attractive candidate to target is Ras signaling since, as it has been discussed in previous chapters, it is hyperactivated in around 50% of patients and overexpression of RasGRP1 is a frequent event, at least in pediatric T-ALLs. Targeting Ras itself proved to be unfeasible so far due to the nature of oncogenic mutation and it remains to be determined if small molecules against RasGRP1 could be developed and effective. For now then, targeting downstream effectors such as MEK-Erk pathway or PI3K/Akt/ mTOR could prove to be a valid therapeutic option. Indeed, some groups showed that inhibiting PI3K and mTOR or PI3K only seem to be effective in inducing apoptosis and growth arrest of human T-ALL cell lines (Chiarini et al., 2009; Subramaniam et al., 2012) . It remains to be determined if that strategy proves to be efficacious in patients.
One has to keep in mind that the aforementioned developmental and biochemical heterogeneity as well as plasticity are likely to complicate the design of effective molecular therapy for T-ALL. Systems-levels analysis, which combine "signaling/phospho-signatures," together with genomic and gene expression data as well as mathematical modeling will be instrumental in the design of better targeted therapies, not only for T-ALL, which seem to be particularly challenging, but also for other tumor types.
Concluding remarks
The course of specific scientific findings has taken RasGRP research from cancer to lymphocytes and back to cancer. Whereas many of the molecular details still need to be uncovered over the coming years, it is clear that RasGRPs play roles in receptors systems other than the TCR and BCR. Likewise, future research will surely establish more definitive functions for the RasGRP RasGEFs outside the hematopoietic system.
